Abstract-Self-seeded four wave mixing (FWM) cascades with a 50 m long photonics crystal fiber (PCF) as the parametric gain medium are presented. Up to six comb lines are successfully generated when the amplifier output power is set at 519.28 mW. That relatively short length of the PCF enables the proposed scheme to be more compact in size in comparison to a 500 m long of highly nonlinear fiber, utilized in previous work.
I. INTRODUCTION
Research in optical frequency combs (OFCs) is of significant interest nowadays especially after John L. Hall and Theodor W. Hansch were awarded Nobel Prize in Physics in 2005 for their pioneering contributions in the development of OFCs for laser-based precision spectroscopy. Since then, explorations in OFCs which consist of equally-spaced frequency components have gained significant momentum. They have found many applications and that includes, among others, dense wavelength division multiplexing system, ranging, remote sensing, material characterization and waveform synthesis [1] . OFCs can be developed utilizing a variety of techniques.
Among the techniques are cascading modulators [2] , [3] , lasers [4] , [5] and cascaded four wave mixing (FWM) [6] - [10] . While the operation of cascading modulation technique is relatively low-cost due to its simple configurations, the number of comb lines generated is limited following a constraint of radio frequency (RF) signal power in driving the modulators. The technique of lasers meanwhile is in general capable to generate comb lines with high optical signal to noise (OSNR) but the requirement for threshold power in the laser cavity will ultimately affect the number of comb lines generated. Realizing the challenges faced by the aforesaid methods, a technique of cascaded FWM is adopted. Applying this technique, a large number of comb lines can be generated provided that the phase matching for generated waves is preserved in the optical fibers.
FWM cascades have seen much progress since their inception. In early configurations, the seeds for the generation of OFCs are provided by mode-locked lasers (MLLs). However, the comb spacing is difficult to be tuned in such configurations as it is related to MLLs cavity properties. A practical way to address the issue is to utilize continuous wave (CW) laser as seeds. With CW lasers, the comb spacing can be now easily tuned as the tunability of CW lasers can be adjusted at ease. The development of OFCs with CW lasers as seeds has since progressed rapidly in recent years. Much of the work is devoted to improve the number and power of comb lines as well as the flatness and the bandwidth of OFCs. Among the methods adopted to improve such performances are utilizing three pump seeds [6] , optical feedback [7] , nonlinearities in fibers [8] and a combination of pulse and CW pumps [9] . Albeit with the advancements, the use of modulated CW lasers as seeds for generation of OFCs poses a few problems though. Those problems include degradation of data transmission in optical communication systems [11] , extra complexity due to the requirement for RF signals to drive modulators and higher losses due to the loss of modulators. Aspired to solve the problems, we then propose a scheme that can operate without external laser sources and modulators [10] . In that scheme, a relatively wide linewidth of intracavity erbium-doped fiber laser (EDFL) is utilized as seeds for FWM cascades with a 500 m long highly nonlinear fiber (HNLF) as the parametric gain medium. That the HNLF is relatively long presents an opportunity for us to develop a more compact system. With the aim to have a compact self-seeded FWM cascades, we utilize a 50 m long photonics crystal fiber (PCF) as the parametric gain medium in this proposed scheme. Such a short fiber in comparison to the 500 m HNLF makes the system more compact in size.
II. EXPERIMENT
The experimental setup of the self-seeded FWM cascades with a short PCF is illustrated in Fig. 1 . The fact that the FWM cascades is self-seeded means the setup operates without external laser sources. In this proposed scheme, the function of such laser sources is replaced and catered by a self-built dual wavelength EDFL. The wavelength of the two oscillating lasers is determined by a wavelength selection element. It consists of two arms; each arm selects a wavelength and comprises of a variable optical attenuator (VOA), a tunable bandpass filter (TBF) and a mirror or a circulator which behaves like a mirror when its third port is connected to the first port. We vary the TBF which has a 3 dB bandwidth of 0.23 nm and tunability over the C-band region to choose the desired wavelength. The VOA meanwhile is utilized to adjust the intensity of the two oscillating lasers so that both which are combined by a 50/50 coupler have almost equal magnitude in an effort to achieve a flat dual wavelength EDFL. That flatness can be observed by scrutinizing it through a monitoring port. The selected EDFL gets access to the ring cavity via a circulator. In the cavity, an erbium-doped fiber amplifier (EDFA) provides amplification for the oscillating light to overcome losses while propagating in a round trip. The EDFA is capable to output power up to 30 dBm and the bandwidth it covers ranges from 1542 nm to 1565 nm. The parametric gain for cascaded FWM is provided by a 50 m long PCF. It has a nonlinearity coefficient of 11 (Wkm) −1 , a mode field diameter of 2.8 µm and a low dispersion-flattened characteristic over the C-band window. As the dual wavelength EDFL propagates through the PCF, new waves at new frequencies are created as a result of cascaded FWM. The created waves however are meaningful only if phase matching for the generated waves is preserved in the PCF. The EDFL and its FWM cascades are then tapped out of the cavity via the 10% leg of a 90/10 coupler and the spectrum is captured by a 0.01 nm optical spectrum analyzer (OSA) through the output port. Figure 2 shows the spectra of the FWM cascades as the EDFA output power increases from 25.67 mW to 519.28 mW. As illustrated in Fig. 2(a) , two comb lines appear on the spectrum at the wavelength of 1558.18 nm and 1564.93 nm. These spectral lines are actually the dual wavelength EDFL which is stabilized by self-stability mechanism of FWM in the PCF. It is known that EDFLs are vulnerable to the laser instability as a result of gain mode competition in EDFAs. Unless they are equipped with techniques that can suppress such a competition, one of the lasers will be lost due to the other laser conquering the erbium gain in EDFAs [12] . In this scheme, multiple FWM processes are utilized to balance both lasers, so that will prevent a big discrepancy in magnitude between them and hence mitigate the impact of the competition. We then increase the EDFA output power to observe its impact on the number of comb lines. In this observation, a comb line is counted if its optical to noise ratio (OSNR) is higher than 10 dB. It is found that the number of comb lines grows in tandem with the output power. When the EDFA output powers are set at 289.28 mW and 519.28 mW, four and six comb lines are successfully generated respectively and that includes the EDFL which serves as seeds for FWM cascades. The first two highest lines on the spectra in Fig. 2(b) and 2(c) correspond to the EDFL whose wavelengths are determined by TBFs in the wavelength selection element. As the EDFA power increases, the EDFL then initiates FWM cascades, generating new spectral lines at new frequencies as long as phase synchronism between generated waves along distances in the PCF is preserved. It is interesting to note that there is a noise pedestal on the spectra. Such a pedestal however can be removed if we insert optical bandpass filters before the EDFA to filter out the amplified spontaneous emission (ASE) of the amplified pumps. With the removal of the noise pedestal, the OSNR of the comb lines increases but it comes at the expense of extra complexity due to the requirement for filters.
III. EXPERIMENTAL RESULT
For the next analysis, comparisons are made in terms of power consumption for the scheme with the PCF and that with an HNLF as the parametric gain medium. The HNLF has a nonlinear coefficient of 11.5 (Wkm) −1 , zero dispersion wavelength at 1556.5 nm and is 500 m long. Its dispersion and dispersion slope at 1550 nm wavelength are -0.1 ps/(nm-km) and 0.015 ps/(nm 2 -km) respectively. The data for the power consumption of the scheme with the HNLF is obtained from a reference [10] . In this analysis, the power consumption is assessed from the EDFA output power consumed in generating a certain number of comb lines. As illustrated in a bar graph in Fig. 3 , the EDFA output power consumed by the scheme with the PCF to generate two, four and six comb lines are 25.67 mW, 289.28 mW and 519.28 mW respectively. In contrast, for the generation of the same number of comb lines, the scheme with the HNLF only consumes the EDFA output power of 6.81 mW, 15.67 mW and 114.02 mW correspondingly. The reason for the higher power consumption for the scheme with the PCF is that the PCF is shorter in length than the HNLF. As the nonlinearity in optical fibers is proportional to both pump powers and fiber lengths, the pump power launched into the PCF needs to be high in order to compensate for the short fiber length in generating a certain number of comb lines. Despite the scheme with the PCF consumes higher power than that with the HNLF, it is more compact in size as a consequence of its shorter length. Self-seeded FWM cascades with a short PCF as the parametric gain medium is reported in this paper. With the use of the 50 m long PCF, the proposed scheme is more compact in size than the previous scheme that utilizes a 500 m long HNLF [10] . Despite the improvement in terms of compactness, the scheme with the PCF consumes higher power than that with the HNLF to generate the same number of comb lines. Such a setback however can be overcome if we can engineer the PCF in such a way that the nonlinearity of the PCF increases.
If that is a success, the system will not only be more compact in size but also consume low power to generate comb lines, thus taking the performance of selfseeded FWM cascades to further heights.
